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Abstract

In biological fluids, nanoparticles (NPs) are in contact with proteins and other biomolecules.
Proteins adsorb to NPs and form a coating called a protein corona (PC). The PC is known to
greatly affect the interaction of NPs with biological systems. A comprehensive knowledge of
the protein nanoparticle interaction is essential to understand the biological fate of NPs and
for the design of NPs for biomedicine. Fluorescence correlation spectroscopy (FCS) and
fluorescence cross-correlation spectroscopy (FCCS) are sensitive spectroscopy techniques
that measure fluorescence intensity fluctuations of single molecules inside a femtoliter
confocal volume. Both techniques are suitable for studying the formation of protein corona
around NPs and for examining corona stability in situ in biological matrixes. In this review
we provide a short description of FCS/FCCS and their application in PC studies, highlighting
results from our work about the impact of surface chemistry of NPs on corona formation and
NP intracellular fate.
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Introduction

The study of the biological fate of nanomaterials and their interaction with biomolecules is
fundamental for improving the performance of these materials in biomedicine and for
understanding toxicological end points. The nanomedicine market is estimated to value up to
$350.8 billion by 2025[1], but despite the huge amount of investment, there is still poor
translation of nanomaterials from in vitro to in vivo applications. It was recently highlighted
that in the past 10 years of working on nanoparticles (NPs) for drug delivery, a low delivery
efficiency has been achieved, with only 0.7% of the doses of NPs injected reaching the
tumour site.[2] In this regard, understanding interactions between NPs and biomolecules is of
fundamental importance. Of particular value, is gaining deeper insight into the key role of the
biomolecular protein corona (PC), which has been widely acknowledged as pivotal in
providing a biological identity to nanomaterials.[3,4] In this short review we aim to discuss
the use of fluorescence correlation spectroscopy (FCS) for characterizing protein corona

nanomaterial in situ in extremely complex environments such as live cells.

FCS is a fluorescence based technigue that gives information on the diffusion of fluorescent
molecules or objects. From the diffusion times, the size can be determined, and the interaction
among molecules or nanoparticles can be studied. Using fluorescently labelled nanomaterials
or proteins, it is possible to study protein corona formation with FCS by recording the
changes in diffusion of the labelled species before and after corona formation. Moreover,
using nanomaterials and proteins each labelled with dyes without overlapping spectra allows
for the cross correlation of the two colours, which provides information on the stability of the
corona and the exchangeability of the proteins forming the corona (fluorescence cross-
correlation spectroscopy). Moreover, FCS allows for studies inside cells and provides
information on how intracellular nanomaterial translocation affects PC. Besides corona

formation and stability, FCS can also provide data on the state of aggregation of the



nanomaterials in the presence of proteins. In our group we are interested in correlating the
surface chemistry of nanomaterials with PC formation and stability. We will present some
examples from our work on how the aggregation and intracellular dynamics of nanomaterials
are affected by the formation and evolution of PC, and ultimately by the chemistry of the

nanomaterials.

1.1 The protein corona

Biomolecular corona is defined as the entity resulting from the spontaneous interaction of
nanomaterials with biological matter[5,6]. It is a dynamic entity that forms within 30
seconds[7] and evolves with time. Initially, the most abundant proteins such as albumin, bind
to the NPs, but later on they are partially replaced by less abundant proteins that have a higher
affinity for the NP surface.[8] The PC composition depends on the physical-chemical
properties of the nanomaterial such as size, shape, coating, and surface charge[9-13], and on
the environment, including biological milieu, pH, time of exposition, temperature, and shear
stress.[14-18] PC structure has been described as being constituted of two layers: the closest
protein layer to the NP surface is called hard corona (HC) with proteins tightly bound to the
NPs. Once formed, the HC is very stable over time.[19] Around the HC there is another layer
of proteins that are weakly bound to it. These proteins form like a cloud around the HC and
exchange fast with the surrounding biomolecules. This weak corona is called soft corona
(SC).[20] While the HC has been described in detail because it is easy to isolate, the
characteristics of SC are largely unknown, with limited information available on its
composition, binding affinity, and structure.[21] This knowledge gap is notable because, as
depicted in the current accepted model for PC NPs (Figure 1), the SC is the most external

layer at the interface and is thus very important in nano-bio interactions.
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Figure 1 NP coated by protein corona. The black dashed line represents the hard corona (HC)
and the red dashed line the loose soft corona (SC). Proteins in the HC and SC are bound
respectively with affinity coefficients K; and K;, with K; being greater than K,. The protein
corona can enhance the interaction of the NP with membrane receptors (a), hinder it (b), or
create unexpected interactions (for example, caused by proteins that can change confirmation
upon binding the NP surface (c)).

1.2 The biological relevance of the protein corona

The biomolecular corona confers a new biological identity to the NPs that modifies the way
they behave in biological matrixes. At first, the formation of the protein corona affects the
colloidal stability of the NPs. A pre-formed corona has been shown to be a way of limiting
NP agglomeration in biological fluids due to high ionic strength, whereas it has been reported
to induce agglomeration in other cases.[22] A corona enriched with a particular protein,
besides providing additional stability, might also provide the NPs with a targeting moiety.[23]

A targeting moiety can prevent non-specific uptake, thus prolonging NP half-life in the blood



stream and increasing the potential delivery to the desired site (e.g. apoliproteins).[24]
However, it is also possible that the PC can interfere with targeting properties by masking the
NP coating.[25,26] PC formation can impact cell cytotoxicity, nanomaterial uptake and
trafficking inside the cell.[27] It is well known that graphene and carbon nanotubes[28,29] are
highly toxic for cells because they are able to disrupt and penetrate the cellular membrane.
Quantum dots become highly toxic when the metal core is exposed[30]. The PC constitutes a
natural coating, limiting the interaction of NPs with the membrane and reducing the damage
induced by direct exposure of the cells to those nanomaterials. On the other hand, when
proteins are adsorbed to the NP surface, they might face denaturation and expose epitopes that
trigger anti-inflammatory or auto-immune responses[31] as has been reported for fibrinogen
on Au-NPs coated by poly(acrylic) acid.[32] Extrinsic factors influencing the PC around NPs
include the media composition, protein gradients and blood pressure.[33—-35] The study of PC
in real time and in dynamic conditions such as those encountered in vivo is of great

importance toward understanding PC formation and evolution.

2. Ex-situ vs in situ

Predicting PC formation and evolution is fundamental for fully exploiting its potential.
Corona formation can be studied using ex-situ and in situ techniques. Ex-situ techniques
require isolation and purification of the protein corona from the initial media. Although
valuable information might be obtained, especially on PC composition, samples are
manipulated and do not represent quite the same entity that originally was. In situ techniques
have the advantage that PC around NPs can be studied in the original environment. However,
tracing nanomaterials in biological matrixes is always challenging. Some techniques used for
visualization and quantification of nanomaterials in biological matrixes require the fixation
and destruction of the biological material, such as Transmission Electron Microscopy (TEM)

and cryo-TEM[36,37], or Inductively-Coupled Mass Spectroscopy (ICPMS).[38] The



intracellular location of NPs and PCs and protein concentration are rather important aspects to
determine the fate of NPs in living organisms and cells. In vivo ultra-highly sensitive imaging
techniques for radioisotopes such as Positron Emission Tomography (PET) or Single-Photon
Computed Tomography (SPECT) allow for real time and quantitative determination of
radiolabeled nanomaterials.[24,39] While NP biodistribution can be followed by PET/SPECT
techniques, the study of the protein corona in vivo has been performed after blood recovery
and PC NP purification. In the cellular environment, fluorescence and Raman techniques are
preferred for NP localization and to trace the fate of the corona. Confocal Laser Scanning
Microscopy (CLSM) and Confocal Raman Microscopy (CRM) have enough resolution to
resolve different regions within fixed and live cells and to visualize NPs, after fluorescence
labelling in the case of CLSM and from characteristic Raman bands for CRM. CLSM
provides more detailed and direct information on the intracellular localization of
nanomaterials than Raman microscopy as intracellular compartments can be selectively
labeled.[40] In addition to CLSM, other fluorescence techniques can be applied for tracing
nanomaterial fate at cell level. Flow cytometry is used to quantify the uptake of nanomaterials
per cell and to follow uptake kinetics.[41] Total Internal Reflection Fluorescence (TIRF)
microscopy can be used to trace membrane translocation of nanoparticles.[42,43] FCS is a
technique based on recording fluorescence fluctuations in a confocal volume, which are
related to the diffusion of the fluorescent molecules. Diffusion times can be correlated with
the size of the diffusing species, and also with the local micro-environmental conditions. The
technique offers a spatial and temporal resolution that is far superior to that obtained with
most of the techniques mentioned thus far. FCS can provide quantitative values for the NP
concentration, the state of nanomaterial aggregation, and information on the local
environment of nanomaterials based on measuring their diffusion coefficient. As is the case

with nanomaterial aggregation, the formation of the protein corona around NPs results in a



larger object with longer diffusion time. If proteins and NPs are each labelled with a different
dye with no spectral overlap between them, the interaction between the nanomaterial and the
proteins can be studied by Fluorescence Cross-Correlation Spectroscopy (FCCS). FCCS is a
variant of FCS, where the fluorescence fluctuations of two fluorescent objects are cross-

correlated in time.

Both FCS and FCCS allow real time measurements and can be applied not only in bulk, but
also intracellularly in combination with CLSM. These features make FCS techniques a unique
tool for studying the dynamics of nanomaterials at cell level. Issues such as the state of
nanomaterial aggregation or degradation, and the interaction of NPs with biomolecules can be
fully monitored by FCS techniques intracellularly. This monitoring provides insight into how

cells process nanomaterials, and is highly relevant for toxicological studies and nanomedicine.

3. Fluorescence correlation spectroscopy (FCS) and fluorescence cross-correlation

spectroscopy (FCCS)
3.1. Fluorescence correlation spectroscopy

Fluorescence correlation spectroscopy[44,45] is a spectroscopic technique based on the record
of the fluorescence intensity fluctuations inside a femtoliter confocal volume. It is a very
sensitive technique whose optimal ratio of signal to noise occurs when a low concentration of

particles, in the nanomolar range, are diffusing in the confocal volume.

Intensity fluctuations are the deviation of the signal from its temporal average

fluorescence[46].
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This fluorescence signal is recorded in a correlator obtaining the autocorrelation function

(ACF or G(1)).

(SI(E+T)SI(E))

_ {I@I(t+1)) _
G(t)=————-G6G(1) = o7

(1()? +1 3

We are able to determine the fluorescence signal I(t) and its fluctuation JI(t) with the
detection efficacy of the setup and the concentration of the sample on the space of the

observed volume (7 = (x, v, 2)) as:
I(t) = KfV I,(7) - S(#) - CEF(¥) - C(7, t)dr 4

851 =k [, I,(F) - S(7) - CEF(7) - 6C (7, ) d7 5

Kk detection efficacy

I; excitation energy

CEF () collection efficiency function of the system
S(¥) optical transfer function objective-pinhole

C(%, t) distribution of fluorophore

Substituting eg4 and eqg5 in eq3, the correlation function can be written as

[ 1 (FNS#)S(#1)CEF (F)CEF (F1){8C(#1,t+T)8C(F1,t)dF d 1)
- (€)2([ 1, (®)-CEF (7) a7)”
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To simplify equation 6, we take into account the confocal setup where the pinhole removes
the light out of the focus and the intensity is maximized in the center of the beam in the focal

plane.
(@) = L,(7) - S(F) - CEF(¥) = cte - e2¥"/Wo’ g=2v%/Wo® g=22%/20° 7

Where w, and z, are the distance where the intensity decay 1/e”



The solution of equation 6 gives us the correlation function:

G(z) = %(1 + %)_1 (1 + ‘f—f)_l/z + G, 8

0

D diffusion coefficient

N number of particles

G, 0ffset of the correlation function

T diffusion time

The first part of equation 8 refers to the average of particle numbers in the confocal volume. It
is defined as the volume that contains N fluorophores at a known concentration. From
calibration measurements, knowing the diffusion coefficient of the fluorophore it is possible
to determine the confocal volume.[47] The size of the confocal volume is really important to
detect single molecules because the fluctuations decrease as the number of objects increases.
A suitable number of objects is between 0.1 and 1000 nM corresponding to a diffraction focal

volume < 1fL. [48-50]

The number of objects and the concentration in the confocal volume can be determined from

the amplitude of the correlation function at t = O:
G(0) =(N) 1! 9
The concentration of particles is given by:
(N) = V[C] 10

On the other hand, from the diffusion coefficient D of the species, it is possible to calculate

the hydrodynamic radius with the Stokes-Einstein equation
D = KBT(6T[‘HT'H)_1 11

Kp Boltzmann’s constant

T Absolute temperature



u viscosity of the medium

3.2. Fluorescence cross-correlation spectroscopy

Fluorescence cross-correlation spectroscopy[51] is a variation of FCS. This technique studies
the interaction between two species labelled with two spectroscopically different
fluorophores.[52] The binding between the species conveys a longer diffusion time and hence,
a decrease in the diffusion coefficient. The cross-correlation is sensitive to the signal of the
molecules with the two labelled species so it is easy to measure interactions between

proteins[53] and other biomolecules[54] not only in solution, but also in cells[55].

The equation 3 changes to:

O+
G() = L Oxm® 3b

where a and b are the two differently-labelled species.

The concentration of the bound species could be determined by the amplitudes of the auto and

cross-correlation curves at time zero:

Gab (0) _
Ga(0)-Gp(0) (CapWVery 12

Despite FCS being discovered in 1972,[44,45] this technology only started to emerge in 1993
with the implementation of confocal microscopy for individual molecule measurements[56].

The instrumentation for FCS/FCCS is based on a confocal setup (Figure 2).
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Figure 2 1) Scheme of FCS/FCCS setup. Fluorescence correlation (green) and cross-
correlation spectroscopy setup (red and green). The excitation sources are lasers with the
desired wavelength. They are aligned to the same confocal volume but not overlapping. The
two signals are separated by filters and a dichroic mirror, and go through an objective to focus
into the sample. The fluorescence is collected by the same objective, separated from the
excitation light by the dichroic mirror and focused by the tube lens in a pinhole. This pinhole
collects only the fluorescence from the focal plane that arrives to the detectors for correlation
analysis. In the case of FCCS, only if the two species interact and diffuse together in the
confocal volume (1), will the correlation between both signals result in a cross-correlation
(11).[57] Otherwise, the count rate graphs not match (IV) and the correlation function will be
zero (V). The correlograms obtained give information not only of the diffusion time, but also
of the concentration of the sample. Once the signal is obtained, different software packages
can be used to fit the data and obtain the diffusion coefficient or the diffusion time of the
measurements, as well as the number of particles inside the confocal volume.

3.3. FCS and FCCS: state of the art
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In FCS, the movement of labelled species in and out of the confocal volume is recorded. The
diffusion time is dependent on the size of the diffusing species and it can be used to study
aggregation or association of molecules and nanoparticles. The association between labelled
species with itself or with unlabeled species will result in a measured diffusion time that is
longer than that of the single dispersed molecule. The interaction can be monitored in real
time until equilibrium is reached[58-61]. In this way, from the analysis of the autocorrelation
function (ACF), it is possible to take additional information such as the equilibrium constant
or the concentration of a labelled sample. Furthermore, changes in the diffusion time have
been associated with conformational changes of proteins.[62] Intracellularly, FCS has been
employed to measure the concentration of labelled species[47,63-65], their interaction with

the cell membrane,[66] their dynamics[67—69], or even their cellular internalization[70].

FCCS can complement FCS data and is particularly useful to study the formation of
molecular complexes in solution and intracellularly.[53,55,71,72] The fundamental condition
is that the two species under investigation and forming the complex are labeled by two
different fluorescent labels whose fluorescence spectra do not overlap. Then, if the particles
diffuse together in the confocal volume, the simultaneous recording of their fluorescence will

generate a cross-correlation function different from zero (Figure 2-11 and 2-111).
Protein corona studies by FCS

One interesting application of FCS is the study of protein corona formation and dynamics in
situ. [73,74] In biological environment, nanoparticles can adsorb different biomolecules
including proteins, lipids and sugars. Due to this association, the size of the nanoparticles
usually increases and consequently, their diffusion time also increases. This change in
diffusion time can be detected by FCS provided that the NPs or the biomolecules are labelled

with a fluorescent dye. FCS and FCCS allow in situ measurements without the need for
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additional steps such as centrifugation, or filtration that are required to separate the NP with

the PC from the rest of the biomolecules present.

The most abundant protein in blood is the aloumin, which is usually used as a model for
whole plasma.[75] Rocker et al.[76] studied the association between human serum albumin
(HSA) and FePt NPs coated with a red-labelled amphiphilic polymer. The polymer displayed
carboxylic groups that provided a negative surface charge that favors protein binding. The
authors showed that when the HSA concentration increased up to physiological conditions
(800M), HSA formed a monolayer on the NP surface and the diffusion time increased until
saturation. Different Kkinetics parameters such as Hill’s constant and the dissociation
coefficient were obtained. CdSe/ZnS quantum dots (QDs) functionalized with a similar
amphiphilic polymer were used for comparative studies. A protein monolayer is formed on
the surface but a weaker interaction with QDs is observed with a larger dissociation
coefficient. Similar experiments were performed for human transferrin (TF) only with FePt
particles.[77] It was demonstrated that TF keeps binding to the NP surface until a monolayer
is formed up to a maximum concentration of 26 uM, very similar to the TF blood
concentration (30 uM). This protein interacts with specific receptors on the cell membrane
and has a lower affinity for FePt NPs than HSA because of the charge of their residues.
Authors show that protein affinity for NP surface depends on the primary and secondary
structures of the protein.[78] FCCS was applied to study the interaction of nanoparticles with
HSA, and ApoA-l and ApoE4 proteins, which are responsible for the transport of lipid
molecules as cholesterol. A clear dependence is observed between protein concentration and
hydrodynamic radius. As in previous studies, once the particles and proteins reached
equilibrium, no more proteins bind on the surface. The number of molecules attached to the
surface was calculated by ACF analysis. Twenty-seven molecules of HSA, 50 of ApoA-I and

65 of ApoE4 were found per nanoparticle. Nonetheless Hill’s constant was higher for ApoE4
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than for HSA and ApoA-I indicating that it has a higher affinity for the NP surface. The
reason for this higher affinity is likely due to the ApoE4 conformation, which exposes many

positive charges to the bulk.

An interesting study conducted by FCS by Huhn et al.[79] in 2017 showed that gold NPs
coated by a positive and a negative polymer have similar affinity for HSA. This finding seems
to contradict the expectation that the superficial charge of a NP is the main determinant for
PC composition[80], but the results may be due to the exchange between the different proteins
in serum. Another explanation proposed is that the low charge density in the negative polymer
causes a reduction in the adsorption of proteins. A common coating employed for reducing
the adsorption of proteins is polyethylene glycol (PEG). PEGs with different molecular
weights and surface densities possess different stealth abilities. In particular it has been shown
that the best reduction in terms of protein absorption was achieved by 5K MW PEG with a
surface density of 5% wt.[81] With non-PEGylated NPs, FCS experiments showed that a
HSA monolayer formed with a thickness of 3nm; PEGylated particles also increased in size,
but only by 1.5 nm. The deposition of HSA on PEGylated NPs was explained by the partial

penetration of HSA in the PEG shell.[82]

FCS was used to elucidate the dynamic nature of the protein corona.[83] The adsorption
kinetics of proteins was studied with HSA-coated silica NPs in the presence of labelled
fibronectin (FIB). The results showed that FIB adsorption on the NP surface depends on the
HSA concentration. For maximum HSA concentration (10 mg/mL) the diffusion time and the
time to reach the FIB adsorption saturation increase respect to the uncoated particles.Using

TF instead of HSA, FCS shows similar binding affinity for FIB.

It was previously shown that HSA binds the NP surface with its triangular face. [76] Studies
of FCS highlighted that changing the polarity of some residues of HSA , causes alteration of
the protein secondary structure and consequently the nature of the interactions with the NPs.

14



[84] In this case, experiments were performed with dihydrolipoic acid-coated CdSe/ZnS
quantum dots. HSA was functionalized with two different compounds, succinic anhydride
(HSA-su) to provide a negative charge and separately with ethylenediamine to provide a
positive charge (HSA-am). HSA-am gave a shorter diffusion time than the HSA-su because of
its higher affinity for dihydrolipoic acid-coated CdSe/ZnS quantum dots. Besides, simulation
studies show that protein modification caused a rearrangement in the orientation adsorption

producing an increase in the hydrodynamic radius in the case of HSA-su.

The effect of external factors on PC morphology was studied using bovine serum albumin
(BSA) interacting with carboxylated ZnS/CdSe (QDs).[85] Different temperatures and pH
were considered. The decrease in the thickness of PC with the temperature was reflected by
an increase in the dissociation constant. Changes in pH affect the isoelectric point of BSA.
FCS measurements confirmed that at pH 7.4 there was less interaction of BSA with

negatively charged particles because BSA global charge was negative.
Intracellular protein corona studies

One of the strengths of the FCS is the possibility to work in extremely complex environments
such as that encountered inside cells. In cells, everything will be invisible for FCS except for
the fluorescently labeled species. The combination of FCCS with CLSM permits joining
imaging with the study of the diffusion properties of the object under investigation in real

time.

Seminal work by Bacia et al. on the translocation and fate of proteins intracellularly combined
CLSM and FCCS to show the endocytic pathway of cholera toxin (CTX) from the cell
membrane to the Golgi apparatus and its subsequent degradation.[86] CTX was formed by
two subunits which were labelled with fluorophores with different emission spectra to study
their separation by cross-correlation. Once the complex arrived to the Golgi apparatus, no

cross-correlation was observed, implying dissociation of the two subunits.
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One of the few examples of NP-cell investigations by FCS was reported by Murray et al.[70]
Gold NPs coated with fluorescent glucose were studied in vitro in different media by FCS.
Diffusion time increases when the particles are in cell media, which means a larger
hydrodynamic radius (typically the double). When the NPs are internalized in HepG2 cells,
they form big aggregates with their diffusion time exceeding the technique limit. A pre-
bleaching step was used to overcome the masking of the fluorescent signal of smaller
fluorescent species by big aggregates. The measured diffusion times revealed the association
of the particles with different biomolecules or parts of the cell. The measurements were
performed in different positions in the cell and a homogeneous distribution was observed

(Figure 3-11, 3-111, and 3-1V).
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Figure 3 I) Representation of the intracellular uptake before and after bleaching[50] 1) ACF
of large aggregates prebleaching. Ill) and 1VV) ACF for two different sites of the cell in the
CLSM image after bleaching.

Our group has focused on studying the interaction between proteins and NPs coated with

molecules with different affinity for proteins. PEG is the most widely used coating to avoid
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non-specific interactions with proteins, although some concerns about its safety have been
raised.[87] For this reason, new stealth molecules are being investigated that minimize the
interaction of the particles with proteins, prolonging NP blood half-life. Silvestri et al.
functionalized gold nanoparticles with mercaptosuccinic acid (Au-MSA), N-4-thiobutyroil
glucosamine (Au-glucosamine), Au-PEG5000 and Au-Alkyl-PEG600, and studied the
interaction of the NPs with proteins of cell media and their internalization in A549 cells.
Protein-free cell media studies confirmed the low affinity of PEGylated NPs for proteins.[82]
Conversely, Au-MSA and Au-glucosamine experienced an increase in their size up to 40 nm
possibly due to aggregation as a consequence of the higher ionic strength encountered in the
cell media compared to water. Addition of fetal bovine serum induced a decrease in the
hydrodynamic radii because of the additional stability provided by the proteins. Once
internalized in cells, the NPs aggregated and formed large structures with intracellular
proteins and organelles. Different parts of the cells were investigated by FCS (Figure 4-I).
The diffusion times of fluorescent aggregates were clustered into four different groups: 500 <
to(us) < 1500; 1500 < tp(ps) < 3000; 3000 <tp(us) < 6000 and tp(us) > 6000. A
combination of FCS with CLSM allowed determination of a heterogeneous distribution of the
NPs in the cell compartments with a wide distribution of diffusion times (Figure 4-11-A 'y 4-11-
B). After a one hour incubation, Au-MSA and Au-glucosamine showed large diffusion times
probably because of their interaction with different cell molecules. For PEGylated particles it
was still possible to find NPs with diffusion times below 6000 ps. In particular, a population
of Au-Alkyl-PEG600 with diffusion times between 500 and 3000 ps could be measured. We
believe that the lower binding affinity of Au-Alkyl-PEG600 for proteins in vitro, can be

related to a significant decrease in its aggregation intracellularly.
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Figure 4 Au NP uptake followed by CLSM and FCS in A549 cells. NPs were coated with
mercaptosuccinic acid (Au-MSA), N-4-thiobutyroil glucosamine (Au-Glucosamine), HS-
PEG500 (Au-PEG5000) and HS-Alkyl-PEG600 (Au-Alkyl-PEG600) and labeled by
ATTO550. I) Representative confocal image of an A549 cell incubated with Au-MSA* NPs
as a combination of the transmission and fluorescence channels and FCS correlograms
measured in the marked area in the confocal micrograph. FCS correlograms were fitted with a
normal diffusion 3D double exponential model. Il) Percentage distribution of the more
representative diffusing species obtained fitting tracks (n>30) by a 3D normal diffusion model
with 2 components. The diffusion times obtained were grouped into four classes
(500<tD(ps)<1500; 1500<tD(us)<3000; 3000<tD(pns)<6000 and tD(us)>6000). Results for
Au-MSA* NPs, Au-Glucosamine* NPs, Au-PEG5000* NPs and Au-Alkyl-PEG600* are
reported at 30 and 60 minutes of incubation. i) Endoplasmatic vesicles; ii) Intracellular
vesicles.
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We have also used FCCS to carry out affinity studies and to describe PC fate once NPs are
translocated into cells. For these studies we have used NPs with either a PC formed by
proteins with specific affinity for the NP surface coating, or with a non-specific BSA-
coating.[88] Studies were performed with gold NPs functionalized with the glucosamide
ligand and labelled with BSA and Concanvalin A (Con A), which has a specific interaction
with glucosamine in presence of Ca*? ions. The two proteins, BSA and Con A, have similar
diffusion times in solution of around 800 ps. For the protein exchange study, first the protein
corona was formed with unlabeled BSA and followed by exposure to a labelled Con A, and
then repeated vice versa. Analyzing the cross-correlation function, it is possible to know if
one of the protein is retained in the protein corona in presence of an excess of the other
protein (Figure 5-1). If the labelled proteins and NPs diffuse in the confocal volume at the
same time, it means they are cross-correlated and the cross-correlation function (CCF) will be
higher. Conversely, if exchange takes place, there will be less labelled protein on the PC and
the CCF will be lower. For the NPs with BSA PC exposed to labelled Con A, the amplitude of
the CCF increases with time, reaching 53% of the Con A associated with the BSA PC after 2
h. When BSA is the labelled protein and Con A is not labelled, the CCF amplitude decreases
close to zero with time, meaning that the BSA is substituted by Con A in the protein corona.
After exchange studies, the particles were incubated with A549 cells. In the case of the
particles coated with BSA (black bars in Figure 5-1), large aggregates and lower CCF were
measured. CCF intracellularly decreases over time, leading to the hypothesis that the protein
corona is lost with time. For NPs with Con A PC (white bars in Figure 5-11) CCF remains
high and constant for 24 h inside the cell. After 24 h the NPs are too aggregated for FCS
studies. The diffusion time of the particles is so large that the FCS is not able to resolve it.
FCCS shows that the strength of the interaction between NPs and proteins is retained after NP

translocation, which may potentially affect NP trafficking.
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Figure 5 I) Scheme of the protein exchange cross-correlation signal. 11) FCCS frequency over
time for measurements carried out with pre-formed BSA and Con A PC NPs incubated in
Ab549 cells.

3.4 Advantages and limitations

Fluorescence correlation and cross-correlation spectroscopy provide information on a wide
range of processes including the PC formation in bulk and in cells. They are highly sensitive
techniques that provide information about single molecule processes. Small amounts and low
concentrations of fluorescent species, in the nanogram and nanomolar range, are needed and
the sample and cells are not destroyed during the experiment. FCS and FCCS techniques
provide a perfect tool to study PC formation and follow the biological fate of particles in situ

without the need for washing steps or a minimum spatial proximity like FRET experiments.

However, these techniques have some limitations. They record the fluorescence fluctuations
in a confocal volume, which means that the species under study need to be mobile in the
confocal volume and must be fluorescently labelled. It is important to choose the appropriate
fluorophore for FCS experiments. Fluorophores must be photostable with limited

bleaching.[89] Data analysis, especially in complex systems might be difficult and can be
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misinterpreted. As with all fluorescence-based techniques, appropriate control experiments
are needed to rule out any interference from the environment. Quantitative analyses are
sometimes difficult as a proper model is needed to fit the data. In the case of the FCCS,
fluorophores need to be chosen with maximal spectral separation to avoid cross-talk.[55]
Samples with a low binding affinity are not suitable for FCCS because they would require a
higher amount of labeled species that would result in bleaching with decay in the fluorescence
intensity and no signal[90]. Artifacts can be generated by the fluorophore or by the setup. Itis
possible to avoid fluorophore artifacts by choosing a suitable photostable fluorophore,
avoiding high brightness, and preventing formation of aggregates. The setup limitations may
be minimized by using a small confocal aperture and conducting a proper calibration to

ensure that the two confocal volumes overlap.

Perspectives

FCS/FCCS are excellent tools for studying the dynamics of NPs and their interaction with
biomolecules in bulk, inside cells and in 3D cultures. Despite relatively few studies, the
technique has great potential for gaining insight into the interactions of NPs with proteins
intracellularly, which is important for biomedical application. Most FCS studies of PC are
performed by preparing the corona in bulk. A fundamental aspect of PC that could be
addressed with FCS/FCCS would be the study of the interaction of NPs with specific proteins
from the cell. Future work will require the expression of specific fluorescent proteins inside
cells. FCS/FCCS can also provide information on the interaction of PC around NPs with other
biomolecules such as other proteins, sugars, or lipids, which are also of key importance for

understanding NP toxicity and for improving their potential in biomedical applications.
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